Optical constants and fabrication parameters are investigated using surface plasmon resonance (SPR) studies on spun films of poly(methyl methacrylate) (PMMA) derivatives in contact with two different dielectric media. A value of 1.503 for the refractive index of PMMA films produced from a solution having concentration of 1 mg ml −1 at the speed of 3000 rpm is in close agreement with the data obtained from ellipsometric measurements. The film thickness shows a power-law dependence on the spin speed but the thickness increases almost linearly with the concentration of the spreading solution. These results are in good agreement with the hydrodynamic theory for a low-viscosity and highly volatile liquid. On the basis of SPR measurements under dynamic conditions, room temperature response of PMMA films to benzene vapours is found to be fast, highly sensitive and reversible. The sensitivity of detection of toluene, ethyl benzene and m-xylene is much smaller than that of benzene.
Introduction
The detection of the BTEX (benzene, toluene, ethyl benzene and m-xylene) vapours has been the subject of an intensive investigation in recent years using various optical and acoustic transduction techniques [1] . Among optical methods the surface plasmon resonance (SPR) technique is found to be highly sensitive, offering an accuracy in the order of 10 −5 per ppm and the glass-silver-polymer (Teflon)-air multilayer system is capable of detecting concentrations lower than 100 ppm of hydrocarbon vapours [2] . Hassan et al [3] studied the effect on spun films of amphiphilic calix-4-resorcinarene (C-4-RA) derivatives to exposure of BTEX vapours. The fast and reversible adsorption of ethyl benzene was believed to be associated with the change in the refractive index of the calixarene films due to the host-guest interaction between the cavitand C-4-RA and vapour molecules. Thin films of the schiff base poly(CuMBSH) polymer (where MBSH represents the molecule 5,5 -methylenebis(N-hexadecylsalicylideneamine)) exhibited a reversible shift in the resonance depth and position on exposure to benzene at concentrations as low as 100 ppm [4, 5] . Since the sensitivity of SPR arrangement is related to the refractive index and dipole moment of the detected vapour, the highest detection sensitivity was achieved for benzene with no dipole moment and large refractive index [4] . Assuming a diffusion process of the vapour molecules inside the polymer film, the effect was attributed to the two principal mechanisms of film swelling and increased film density due to the filling of the free volume [5] .
In this paper, the optical parameters and organic vapour sensing behaviour of thin films of poly(methyl methacrylate) (PMMA) polymer have been studied using SPR technique. Spin coating method is employed to prepare thin films of PMMA molecules for the measurements. Different types of PMMA derivates were extensively investigated for their electrical properties [6] , rheological behaviour [7] and bioactivities [8] . Fluorescence emission from LangmuirBlodgett thin films of PMMA doped with perylene was exploited for fabrication of selective and robust optical sensors for NO 2 gas with suitable response times for materials aging applications [9] . The chemical structure of a newly modified PMMA which has a head group (SO − 4 K + ) and a long chain group is shown in Figure 1 and this derivative is used for this paper. This PMMA is synthesized using the emulsifierfree emulsion polymerization method and the processing of this material was adequately described in a previous publication [10] .
Experimental details
Ultrasonically cleaned microscopic glass slides coated with 40 nm thick gold films were used as substrates. Gold was thermally evaporated with a rate of 1 nm s −1 under vacuum of 10 −4 Pa and the thickness of the gold film was estimated to be 40 nm using the conventional quartz crystal microbalance method. Gold-coated glass substrates were vacuum held onto a rotating chuck of a photoresist spinner (Microsystem model 4000). Using a micro syringe, a small amount (approximately 50 µl) of the solution of PMMA molecules (molecular weight is 580 000 g mol −1 and purity is 98%) in chloroform was dispensed onto the substrate from a distance of 5 mm above the substrate surface. Samples of PMMA thin films were prepared using different concentrations of the solutions and different spin speeds. The concentrations varied between 1 and 12 mg ml −1 while a range of spin speeds from 1000 to 6000 rpm was employed.
A Kretschmann type optical set-up system shown in figure 2 was employed for SPR measurements [11] . Prism and sample were mounted on a θ-2θ rotation platform driven by a stepping motor (with a resolution of 0.01˚) and controlled by a microprocessor. A p-polarized monochromatic (λ = 633 nm) He-Ne laser light source was used to excite surface plasmons. An optical contact between these samples and a semi-cylindrical prism (of refractive index n p = 1.515) was made using an index matching liquid (ethylsalicylate from Aldrich). Optical parameters of spun PMMA thin films were analysed using a least squares algorithm for theoretical fitting of Fresnel's reflection equations to experimental data [12] . PMMA films were produced on silicon wafers for ellipsometric measurements at λ = 633 nm using zero-type instrument (Nanotechnology). The thickness and refractive index were obtained from the numerical solution of the reverse problem using the least squares fitting procedure [13] .
As shown in figure 3 , a special poly(tetrafluoroethylene) PTFE gas cell, which was sealed by the sample through a rubber O-ring system, was constructed to study adsorption properties of PMMA thin film on exposures to benzene, toluene, ethyl benzene and m-xylene (BTEX) vapours. Two methods were adopted to obtain dynamic characteristics. In the first method, SPR curves were recorded before and after gas exposures by scanning through the angle range between 39˚and 50˚. The shift in the position of SPR resonance was employed to determine the sensitivity of vapour interaction with the PMMA film. The second method was concerned with kinetic measurements in which a fixed angle θ * was chosen near the minimum on the left-hand side of the SPR curve. The reflection intensity at this angle was measured as a function of time when the sample was exposed to an organic vapour for at least 2 min and was then allowed to recover after injection of dry air. Figure 4 presents the SPR curves showing the variation of reflected intensity as a function of the incident angle θ for a bare gold film and the gold film with a PMMA thin overlayer. The solution concentration of 1 mg ml −1 and the spin speed of 3000 rpm were used for producing the PMMA film. SPR measurements were repeated on different points over the PMMA film surface and the results obtained were similar, indicating a reasonable degree of uniformity over the film surface. The minimum of the SPR curve is shifted to a larger angle for the gold film with a PMMA overlayer. The shift θ a depends on the thickness d and complex dielectric constant ε of the PMMA thin layer and its magnitude can be obtained from Fresnel's equation in the form [14] :
Results and discussion
where |ε m | is the modulus of the real part of the dielectric constant of gold film. ε i is the dielectric constant of the medium in contact with the PMMA thin layer (air in this case). It is not possible to determine uniquely two unknown quantities d and ε from a single set of measurement of θ a . We have recently demonstrated for thin films of tetra-undecyltetra-p-nitrophenylazocalix(4) resorcinarene molecules that an additional SPR measurement on organic films in a medium of different known dielectric constant ε i such as water offers an effective method for simultaneous determination of the film thickness and the dielectric constant [15] . Figure 4 shows another set of SPR curves for PMMA thin film layer in contact with water. The resonance shift θ w is found to be larger than θ a . Two values of θ a and θ w gave rise to two sets of equations connecting parameters d and ε of the organic overlayer, the solution of which is given in the form [16] :
where the subscripts w and a refer to water and air as media, respectively. Once ε is known, the value of d can be found from equation (1) . Equations for θ a and θ w were solved in this paper using a graphical method. Values of ε and d were obtained from the least square analysis for theoretical fit of equation (1) to experimental data of θ a and θ w . A value of ε * m = −11.5 + j1.2 for the complex dielectric constant of the 40 nm thick gold film was used in this calculation [17] . PMMA is transparent at 633 nm and the refractive index of the film is n = √ ε. In order to investigate the dependence of the thickness of PMMA film on spin speed, six different PMMA films on goldcoated substrates were prepared at different speeds ranging from 1000 to 6000 rpm. The concentration of the spreading solution was always 1 mg ml −1 , the same as in the previous SPR experiments. SPR measurements were performed on these samples and the thickness of the PMMA films was deduced from equation (1) . Results of calculations are shown in figure 6 in which the thickness d was plotted as a function of spin speed ω on logarithmic scales. The resulting graph shows a linear behaviour and the best linear fit yields a slope of −0.585. In the hydrodynamic theory, the thickness of a spun film is defined as a function of the viscosity η of the spreading solution, the density ρ of the pure solvent and the mass flux φ Figure 5 . A plot of thickness of a PMMA film as a function of refractive indexes using the theoretical fitting to the SPR curves when PMMA film is (i) in contact with air and (ii) in contact with water. The spin speed is 3000 rpm. as a result of evaporation in the form [18] :
It is well known that chloroform is one of the highly volatile solvents and the mass flux φ can be assumed independent of spin speed in our case because the concentration of 1 mg ml −1 was low. If the mass flux is independent of the spin speed for a low concentration, the ratio of (η/ρ 2 ) also remains invariant for different spin speed. The experimental result of 0.585 is in a good agreement with the value of ( 2 3 ) theoretically predicted in equation (3) .
Measurements were carried out on the samples in which the PMMA overlayers were produced at a fixed spin speed of 3000 rpm using different concentrations of the spreading solutions ranging from 1 to 12 mg ml −1 . As before, the thickness was determined from the SPR measurements. Figure 7 shows the trend of monotonically increasing thickness with the concentration of PMMA molecules in chloroform solution. PMMA films are prepared using different amounts of solute in a fixed volume of chloroform solvent in order to vary the concentration of the solution. Chloroform is highly volatile and the loss of the mass is dominantly due to the evaporation of chloroform. The mass flux φ is therefore assumed to be constant for different levels of concentration. It can therefore be inferred that the viscosity η increases almost proportionately with the concentrations of spreading solutions. Figure 8 shows a typical SPR curve obtained for the PMMA film before and after the exposure of benzene vapour. It is clear that a large shift θ r in the SPR minimum occurred due to the adsorption of saturated benzene vapour on the PMMA film (see curves a and b). The shift of SPR minimum is usually explained in terms of an increase in refractive index of the sensitive layer and change in the film thickness due to the film swelling [19] . The refractive index of benzene is 1.5011, a value close to that of the PMMA film [20] and the effect of benzene adsorption on the refractive index is not expected to be significant. It is therefore believed that the resonance shift is primarily caused by the change in the film thickness due to swelling. On injection of clean air into the gas cell, the figure 9 according to the degree of responsivity and it can be seen that PMMA is reasonably selective for benzene. Benzene is a nonpolar solvent and toluene, ethyl benzene and m-xylene are expected to show stronger solvation than benzene. Dissociated solvent ions may bind a shell of ions, increasing the effective radius for dissolving in the polymer matrix [21] . This dissociation may not occur for benzene, producing the highest SPR response.
Kinetic response of PMMA thin film to the BTEX vapour was recorded by measuring the reflectivity at a fixed angle θ * = 46˚. Figure 10 shows the variation of the intensity signal as a function of time when PMMA films were periodically exposed to the BTEX vapours for 2 min followed by the injection of dry air for a further 2 min period. It can be seen that the response to benzene vapour is the largest of all. 
Conclusion
Thin films of PMMA molecules were successfully deposited onto gold-coated substrates by the method of spin coating. A Kretschmann type SPR set-up was employed to investigate the optical parameters and dynamic response of PMMA thin film for the detection of BTEX vapours. SPR measurements indicate that the thickness of the film can be effectively controlled by the spin speed and solution concentration. PMMA film is found to be significantly more sensitive to benzene vapour than other BTEX vapours. The response in terms of resonance shift of the SPR curve to the exposure of benzene vapour is fast, large and reversible. The PMMA film may find potential applications in the development of room temperature optical sensors for benzene vapour.
